Abstract Despite the vast number of studies on Parkinson's disease (PD), its effective diagnosis and treatment remains unsatisfactory. Hence, the relentless search for an optimal cure continues. The emergence of neuroproteomics, with its sophisticated techniques and non-biased ability to quantify proteins, provides a methodology with which to study the changes in neurons that are associated with neurodegeneration. Neuroproteomics is an emerging tool to establish disease-associated protein profiles, while also generating a greater understanding as to how these proteins interact and undergo post-translational modifications. Furthermore, due to the advances made in bioinformatics, insight is created concerning their functional characteristics. In this review, we first summarize the most prominent proteomics techniques and then discuss the major advances in the fast-growing field of neuroproteomics in PD. Ultimately, it is hoped that the application of this technology will lead towards a presymptomatic diagnosis of PD, and the identification of risk factors and new therapeutic targets at which pharmacological intervention can be aimed.
Introduction
This review discusses the potential offered in harnessing the technological advances made in proteomics. This technology can provide a clearer understanding of the pathogenesis and protective mechanisms against Parkinson's disease (PD), by giving insight into the role played by the aggregation and deposition of proteins in human PD and in chemically induced models of the disease (Schulenborg et al. 2006 ). In addition, it can reveal the patterns of PD-specific cellular markers to provide for more effective treatment options and to allow the therapeutic regime to start earlier, when it is likely to have a more beneficial effect.
Despite the widespread, growing interest in the field, insight into the application of proteomics tools and technologies is only slowly penetrating the PD research community and relatively few studies have been performed in the PD context. The technology has grown rapidly as a subdiscipline of the life sciences to its current position, where it is increasingly applied as clinical proteomics, with the view to identify new biomarkers for diagnosis and to better understand the mechanisms, risks, state and progression of PD (Hanash 2004; Johnson et al. 2005 ).
Parkinson's disease: neuropathology, genetics, clinical features and treatment
Parkinson's disease is the second most common neurodegenerative disorder, affecting nearly 3% of the population over the age of 60 years (Gasser 2005) . With the population of many countries aging, PD presents a major challenge to many national health care budgets. The nearly epidemic scale of the disease has led scientific research to identify its causes and improve the effectiveness of available treatment options, to ascertain PD research with a prominent place on many national research agendas.
PD manifests clinically as a dysfunctional involuntary motor system, with bradykinesia, tremor, postural instability and rigidity being the cardinal symptoms (Olanow and Tatton 1999; Zigmond and Burke 2002) . These often co-present with non-motor related symptoms, including depression, dysarthria, sleep disturbances, dysphagia, sexual dysfunction and dementia (Truong et al. 2007; Miller et al. 2006) . The central neuropathological hallmarks of PD are the progressive loss of dopamine (DA)-producing neurons in midbrain regions, particularly within the Substantia Nigra pars compacta (SNpc), and the presence of intraneuronal fibrillar cytoplasmic inclusions termed Lewy bodies (LB) and Lewy neurites (Nissbaum and Ellis 2003; Braak et al. 2003) . The major proteinaceous constituent of these inclusions is a-synuclein (SNCA), but they also contain synphilin, neurofilament chains, ubiquitin, ubiquitin carboxy-terminal hydrolase L1 and tau (Spillantini et al. 1997; Goldman et al. 1983; Manetto et al. 1988; Goedert 2001) . Many investigators have assigned a critical role to SNCA in the pathogenesis of PD (Dawson and Dawson 2003; Lee and Appel 2004) .
Several environmental, occupational and life-style factors have been implicated in the onset and/or progression of PD. These include drinking rural well water and being exposed to welding and transition-series metals, such as manganese or iron (Racette et al. 2005; Gorell et al. 1998; Bloch et al. 2006 ). In addition, a possible inverse relationship has been established between cigarette smoking (Benedetti et al. 2000; Miksys and Tyndale 2006) , caffeine consumption (Ross et al. 2000; Ascherio et al. 2001; Hernan et al. 2002) , physical exercise (Chen et al. 2005a ) and the risk of developing PD.
Evidence for an environmental, toxin-based cause of PD derives from an out-break in humans who had developed parkinsonian symptoms after having been exposed to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Other compounds, such as 6-hydroxydopamine (6-OHDA), rotenone and paraquat also reproduce several pathological features of PD, both in vitro and in animals, in which they cause the loss of dopaminergic neurons (Seniuk et al. 1990; Deumens et al. 2002) and formation of LBs (Forno et al. 1986; Betarbet et al. 2000; Manning-Bog et al. 2002; Fornai et al. 2005) . Rotenone is an inhibitor of the complex I of the mitochondrial respiratory chain, causing lowered cellular energy production, impairment of ATPdependent cellular processes, and increased generation of free radicals (Betarbet et al. 2000; Fornai et al. 2005; Hardy et al. 2006; Kaur et al. 2003; Ascherio et al. 2006) . Reduced complex I activity has also been found in the muscle and platelets of idiopathic PD patients (Schapira et al. 1990; Parker et al. 1989 ). In PD post-mortem brain tissue, elevated levels of lipid peroxidation, iron and protein nitration have been reported (Alam et al. 1997; Andersen 2004; Dexter et al. 1987; Yoritaka et al. 1996) , further suggesting a mitochondrial dysfunction in PD. An inhibition of the mitochondrial respiratory chain was also found in other neurodegenerative diseases, including frontotemporal dementia (FTD), a pathological condition related to Alzheimer's disease (AD) (David et al. 2005a) , suggesting that this pathological process may underlie several progressive neurological disorders.
Cellular proteins accumulate in dopaminergic neurons of post-mortem PD brains (Conway et al. 2000; Lee 2008 ). These misfolded proteins include nitrated and phosphorylated SNCA, with the toxicity of SNCA thought to be induced by phosphorylation at Ser129 (Giasson et al. 2000; Conway et al. 2001; Matsuoka et al. 2001 ). The aggregates have been found in both cytoplasmic and extracellular LBs (Giasson et al. 2000; Fujiwara et al. 2002; Chen and Feany 2005) . In familial cases, these insoluble protein aggregates can be caused by either of two dominantly inherited mutations in the SNCA protein (Ala/Thr substitution at residue 53 and Ala/Pro substitution at residue 30), resulting in early onset PD (Polymeropoulos et al. 1997; Krüger et al. 1998) . In sporadic PD, SNCA aggregation may be caused due to the secondary effects of oxidative modifications or impaired degradation pathways, with the rotenone rat model suggesting that mitochondrial inhibition and free radical generation result in the production of SNCA inclusions (Schapira 2004) . Pro-apoptotic patho-mechanisms have been proposed as an alternative disease pathomechanism (Hoglinger et al. 2003) .
The importance of mitochondrial dysfunction as a central mechanism of PD pathogenesis is underscored by the finding that the proteins whose genes are mutated in familial PD, such as in the pink1-parkin pathway, regulate mitochondrial function (Clark et al. 2006; Park et al. 2006; Shen and Cookson 2004) . While the vast majority of PD cases are sporadic, only a small subset is due to autosomal dominant or recessive genetic alterations, with several of these relating to the proteosomal system (Lee and Appel 2004) . Mutations in at least five genes have been linked to PD, and these genetic variants typically manifest at a younger age than the more common sporadic forms (Klein and Lohmann-Hedrich 2007) . Mutations have been found in genes encoding SNCA (PARK1), the E3 ligase parkin (PARK2), DJ-1 (PARK7), PTEN-induced kinase 1 (PINK1, also known as PARK6) and the leucine-rich repeat kinase 2 (LRRK2) (Bonifati et al. 2003; Kitada et al. 1998; Polymeropoulos et al. 1997; Giasson and Van Deerlin 2008) . PARK1 is believed to be the most frequent gene underlying autosomal dominant familial PD Polymeropoulos et al. 1997; Krüger et al. 1998) .
Since PD is a complex disease, it is conceivable that either its etiology or its development may involve a multitude of proteins that participate in either establishing or aggregating pathogenesis. Thus far, a number of proteins have been associated with the pathophysiology underlying PD. The selective destruction of dopaminergic neurons, induced by the viral overexpression of SNCA in rats (Kirik et al. 2002) , and overexpression of normal and mutant forms of human SNCA in Drosophila models (Feany and Bender 2000) strongly suggest that this small acidic protein may associate with elements of toxicity. However, a lack of consensus continues as to whether SNCA aggregation offers neuronal protection, perhaps by sequestering into inert bodies, thereby reducing the amount of diffuse toxic proteins available in the cell (Chen and Feany 2005) , or whether protein overexpression fulfills a toxic cellular role (Cookson 2005) .
The mainstay pharmacological treatment for PD is the administration of the DA precursor 3,4-dihydroxy-L-phenylalanine, also known as levodopa (L-DOPA). After crossing the blood brain barrier, it is converted to DA thereby providing symptomatic relief. While dramatically improving bradykinesia and muscle tone, and decreasing tremor (Birkmayer and Hornykiewicz 1961) , long-term use of L-DOPA leads to the onset and progressive worsening of motor fluctuations, often co-presenting with severe dyskinesia (Tinazzi et al. 2006) . The non-motor symptoms of PD also fail to benefit from this particular form of pharmacotherapy (Wolters et al. 2000) . Moreover, DA-producing cells continue to degenerate and L-DOPA becomes less effective when striatal DA falls below critical levels. Another treatment for patients suffering from advanced PD is deep brain stimulation of substructures of the basal ganglia (Limousin et al. 1998 ; The deep-brain stimulation for Parkinson study group 2001). Drawbacks of this approach are the high cost of electrodes, the need to replace batteries, and the time it takes for adjusting electric parameters (Tseng et al. 2007 ).
The effective treatment of PD is further compromised by the fact that it is often diagnosed only after symptoms appear. By then a substantial loss of striatal nerve perikarya has already occurred, often exceeding the critical ([80%) threshold level (Bernheimer et al. 1973) , when the ideal window period for administering neuroprotective agents has surpassed.
At present, the tools to diagnose PD preclinically are not yet available to clinicians (Montgomery et al. 2000a, b) . It is foreseen by many that the emerging field of neuroproteomics will allow for detecting new biomarkers with which to diagnose PD more accurately and earlier, thereby offering the possibility for early intervention (Zetterberg et al. 2008 ). This could allow the technological barriers imposed on previous studies to be overcome. By studying the unique expression pattern and level of PD-associated proteins, it is hoped that PD can be differentially diagnosed and insight gained into the mechanisms underlying this disorder. In addition, it may provide much-needed surrogate end-points with which to validate the clinical efficacy of novel treatment options (Michell et al. 2004) .
A brief overview of proteomic techniques
The technology that is broadly described under the umbrella-term 'proteomics', derives from the term ''proteome'', that refers to ''the proteins expressed by a particular genome'' (Wilkins et al. 1996) , which is the large-scale analysis of many proteins simultaneously (David et al. 2005b; Hoerndli et al. 2005) . While this could potentially include all the proteins encoded by the genome at any given time (i.e., the proteome), it more commonly refers to specific subsets of proteins found in specific regions or cell-type, under specific conditions (Pandey and Mann 2000; Righetti et al. 2004) . Sensitive proteomics techniques have been developed to determine the structure, localization, biochemical activity, interactions (i.e., protein-protein, protein-lipid) and the cellular roles played by a multitude of proteins, with the results translated either to a natural physiological or to a pathological state of events (Onn and Mann 2005) .
Substantial technological advances have been made in novel instrumentation, experimental strategies, and bioinformatics tools for analyzing the proteome (De Hoog and Mann 2004) . However, despite the bewildering range of available techniques and analysis tools, some form of protein separation procedure, followed by techniques for peptide detection and identification are routinely required, with mass spectrometry (MS) remaining its key technology (Fig. 1) . The speed of advancements in peptide-sequencing technology may allow quantifying most cellular proteins by high resolution MS (Lipton et al. 2002) . To quantify proteins according to their degree of expression, MS technology is frequently applied in conjunction with two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). This combined experimental approach allows for inter-sample comparisons relating to the disease state as well as between experimental subjects and normal controls (De Iuliis et al. 2005) .
There is an inherent risk of preferentially detecting proteins that are present in abnormally high concentration, thereby repressing the weaker signals by less abundant proteins (Fountoulakis 2001 (Fountoulakis , 2004 Vercauteren et al. 2004; Wiederkehr 1991) . To reduce the complexity of the protein sample, and thereby increase sample resolution, strategies have been developed to reduce levels of highly abundant (and generally less interesting) proteins, which may obscure detection of the less abundant ones. In blood-based proteomics this can be achieved by affinity separation of abundant proteins (such as albumin, fibrinogen, and transferrin) from either human or mouse plasma, using affinity-purified antibodies covalently conjugated to microbeads. Another practical and economically feasible approach is to first apply proteomic techniques to detect for markers of the disease in organs where protein concentrations are expectedly high, before searching for them in fluids where they are less abundant (Meyer and Stuhler 2007) . The application of this approach to neurodegeneration is not trivial, as human brain tissue can be of bad quality and show high variability, for example, with regards to gender, age, and medication of patients. Nonetheless, one may be able to choose tissue from brain areas that are affected only relatively late in disease and thus spared from massive degeneration. For AD, this could be the brain stem as a brain area that is relatively preserved in late stage AD, but still displays the typical hallmark lesions of the disease. Alternatively, animal models of AD or PD may be employed to apply proteomics first to dissected brain areas and eventually body fluids such as plasma or CSF, which are likely to reflect, at least in parts, the deregulation of proteins in the brain (Götz et al. 2007) . Subcellular proteomics provides another means for combining the direct analysis of the proteome of isolated organelles such as mitochondria. Methods for fractionating subcellular organelles include traditional techniques, such as centrifugation (e.g., high-speed sedimentation/density gradient) Fialka et al. 1997; Tribl et al. 2006a, b) , but also highly sensitive commercial fractionation kits for extracting nuclear, cytosolic, 
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In 2-D PAGE, proteins are first separated in the first dimension according to their charge (z) and molecular weight using isoelectric focusing (IEF) (Klose 1975; O'Farrell 1975; Görg et al. 1985) (Fig. 1) . The proteins migrate through a thin gel-strip embedded with immobilized pH gradients (IPG). Migration terminates when the protein reaches the point where the net charge is neutral (i.e., the isoelectric point, or pI). Different IPG strips can be used: wide pH ranges (IPG 3-10) that cover many pH units, those that cover narrower ranges (IPG 4-7), or very narrow ones that only provide a single pH unit-width (IPG 5-6, or IPG 5.5-6.7) (Simpson 2003) . Narrow pH ranges allow zooming in and give a better resolution of the protein spot pattern within a smaller window (Hoving et al. 2002) . Proteins are then separated in the second dimension (orthogonal direction) using electrophoresis that takes place in acrylamide gels containing sodium dodecyl sulfate (SDS), where SDS imparts a net negative charge, allowing proteins to separate according to mass (m). Separation in these two dimensions allows for the resolution of multiple isoforms and variants of the same protein. A variety of chemical stains and fluorescent markers are available to visualize and detect the differences in protein staining intensities between samples (David et al. 2005a) . Approximately 1,000-3,000 proteins can be visualized per stained gel, with the capacity to resolve up to 10,000 proteins in a single gel (Klose 1975; O'Farrell 1975) . A comparison of different 2-D PAGE methods and their application to mouse brain has been done by several groups including Stühler and colleagues (2006) . Despite 2-D PAGE being a relatively old-fashioned biotechnological technique, from a proteomics perspective it remains popular since it allows for the use of high through-put screening in an easily executable and costeffective manner. However, its main drawbacks are the limited dynamic range and often a failure of detecting membranous or low abundant proteins (Aebersold et al. 2000) . In addition, it is often difficult to accurately compare two samples when the comparison is based on the degree of protein-expression alone, since protein spots often overlap or appear small and/or blurry, thereby increasing the risk of over-or undercounting them.
The technique known as 'Differential In-Gel Electrophoresis' (DIGE) by which the samples are labeled with different fluorescent dyes (such as Cy3 and Cy5) and then separated on the same gel has proved very useful in increasing the dynamic range and reducing technical variability (Wu 2006) .
Liquid chromatography (LC) coupled to MS has proved to be an important alternative to 2-D gels (Fig. 1) . Various LC techniques (such as affinity, size exclusion, reversed phase or charge chromatography) provide different means for separating complex samples (Wolters et al. 2001) . The separated protein mixture is then fed directly into an electrospray ionisation (ESI) MS, using tubes of microcapillary diameter which greatly reduces the amount of sample needed for analysis (Graves and Haystead 2002; Link et al. 1999; Opiteck et al. 1997; Washburn and Yates 2000) . The LC-MS technique is particularly useful for membrane-associated proteins, phosphopeptides, enzymes such as kinases and phosphatases, and transcription factors that are difficult to detect through 2-D PAGE because of their low levels of abundance (Washburn et al. 2002) . Of the various ionization methods developed for coupling, LC to MS-ESI is the most widely used technique that allows for the gentle ionization of large biomolecules (Jorge et al. 2007 ). An alternative technique is matrix-assisted laser desorption/ionization (MALDI), a ''soft'' ionization technique used for analyzing biomolecules and large organic molecules that tend to be too tender to be fragmented and ionized by other, more conventional means. Compared to MALDI, ESI takes longer to perform but has the advantage of easy coupling to separation techniques such as LC or HPLC. This allows for high-throughput and on-line analysis of peptide and protein mixtures.
An ionization method known as surface-enhanced laser desorption/ionisation (SELDI) makes use of the proteinchip array technology (Hutchens and Yip 1993) . The ''chip'' consists of a thin strip of aluminium containing eight sample-loading areas. Depending on the nature of the chip surface, only specific types of proteins bind. In other words, the chip forms the target surface to which proteins and matrix are applied. Depending on the composition of matrix, particular types of proteins (acidic, basic, antigens, etc.) are then captured. For example, an IMAC30 ProteinChip Array that is activated by coating the surface with transition metals such as gallium allows for the detection of posttranslational modifications such as phosphorylation (Escher et al. 2007 ). This method is typically used in combination with time-of-flight MS (TOF-MS) and is similar to MALDI. The speed and ease of SELDI-TOF in principal allows for use in a clinical environment (Paweletz et al. 2001) , but compared to other MS methods, SELDI does not allow for the identification of peptides or proteins but only detects signals.
Whereas some techniques have been developed with the aim of providing qualitative information on protein expression, a number of methods have been developed to specifically obtain quantitative information. One such method is the isotope coded affinity tag (ICAT) technique, where cysteine residues are differentially tagged with stable isotopes (Olsen et al. 2004) . Proteins from two different samples (e.g., control and experiment) are labeled with either deuterium d0 (light) and d8 (heavy) tagging reagents, which have a mass difference of only eight mass units. This allows for mixing two samples prior to separating them on the same gel, thereby eliminating in-between-gel variation. A comparison of the peak intensities of these tags provides information on the differential expression of the proteins of interest under two different conditions. ICAT is particularly well suited for targeting membrane proteins, as it is compatible with strong detergents (Gygi et al. 1999; Moseley 2001) . However, drawbacks of the ICAT method are that it requires the presence of a cysteine in the protein sequence and that it usually requires large initial sample sizes, in the order of 100 lg. Other labeling methods were recently developed to accommodate smaller sample sizes, such as labeling with 12 C and 13 C, or 16 O and 18 O (Zang et al. 2004 ). Isobaric tagging for relative and absolute protein quantification (iTRAQ) is another quantitative protein identification approach (Fig. 1) . It was the first reagent developed for LC-based differential proteome analysis. The isobaric tagging reagents consist of a reporter group, a balance group (to make up for the mass difference of the reporter group), and a peptide reactive group. The latter covalently links an iTRAQ tag with each lysine side chain and amino-terminal group of a peptide, allowing for labeling multiple peptides in a sample digest. The complex mixtures are then fractioned by chromatographic means and analyzed with LC/MS/MS (Olsen et al. 2004; Abdi et al. 2006) . Together with isotope-coded protein label (ICPL) (Schmidt et al. 2005) , iTRAQ has now more or less substituted ICAT. In biomarker research, however, labelfree MS is increasingly applied, owing to the high costs of ICAT or iTRAQ labeling, since large numbers of samples need to be analyzed (Horvatovich et al. 2007) .
Metal element chelated tags (MECT) uses eight uncommon earth metals that couples to peptides. It is cheaper than isotope-based methods, with the bicyclic anhydride diethylenetriamine-N,N,N 0 ,N 00 ,N 00 -pentacetic acid (DTPA) coupling covalently to primary amines of peptides, and the ligand then chelating to the rare earth metals Y and Tb. The tagged peptides are mixed, analyzed by LC-ESI-MS/MS, and peptides quantified by measuring the relative signal intensities for the Y and Tb tag pairs .
Strategies are constantly improved to functionally categorize the stream of proteins that are newly discovered through proteomics. One technique that was recently shown to be effective for establishing cofactor preferences for proteins is fingerprinting with saturation transfer difference (STD) NMR for detecting closely related cofactors. This approach was validated with both dehydrogenases and cyclic nucleotide-binding proteins (Yao and Sem 2005) .
The increased use of proteomics in the field of neurodegeneration research is greatly assisted by the development of integrated technologies that apply high-resolution separation strategies to complex protein samples, combined with sophisticated computer-based identification methods. Ingenious novel hardware and software developments continuously lower detection limits, while widening the dynamic range, making profiling of highly complex protein mixtures for identification of PD biomarkers possible. Although the different search engines and databases (i.e., SwissProt, MASCOT) vary in their sensitivity and accuracy for detecting protein sequences, eventually this should have little influence on experimental outcomes, due to the standardization in data collection and interpretation that is enforced by the proteomics community.
Protein markers for mitochondrial dysfunction and oxidative stress in PD Mitochondrial dysfunction and oxidative stress have been implicated in PD (Schapira 1998; Betarbet et al. 2000; Hardy et al. 2003; Kaur et al. 2003; Lopes and Melov 2002; Beal 2003) . Proteomics has proved to be a useful tool to examine the oxidative-stress induced changes in proteins (Butterfield and Castegna, 2003) . A deficit of complex I of the respiratory chain has been shown by reduced activity of the enzyme NADH-ubiquinone reductase in neuronal tissue, such as the SN (Schapira et al. 1989; Dexter et al. 1994 ) and frontal cortex of PD patients (Parker et al. 2008) , as well as in non-neuronal tissue such as blood platelets (Parker et al. 1989; Benecke et al. 1993; Haas et al. 1995; Swerdlow et al. 1996; Gu et al. 1998 ) and skeletal muscle (Bindoff et al. 1991; Shoffner et al. 1991) . A proteomic analysis of PD and control SN revealed that neurofilament chains were less abundant in PD specimens, whereas peroxiredoxin II, mitochondrial complex III, and the ATP synthase D chain, among others, were significantly increased in PD samples compared to controls, indicating a compensatory upregulation in surviving SN neurons (Basso et al. 2004) . A role for mitochondrial dysfunction in PD is further supported in animal models as administration of environmental toxins known to inhibit mitochondrial function caused dopaminergic cell loss (Betarbet et al. 2000; Di Monte et al. 2000) and increased production of ROS, another correlate of the clinical phenotype (Beal 2004 ).
Ubiquitin carboxy-terminal hydroxylase L-1 (UCHL1), also known as PGP9.5, is one of the most abundant neuronal proteins present in brain (Wilkinson et al. 1989) . Studies have shown that it is extensively downregulated and structurally modified in the presence of oxidative stress (Castegna et al. 2002; Choi et al. 2004 ). In addition, mutating isoleucine 93 to methionine of UCHL1 causes autosomal dominant PD (Leroy et al. 1998) . Furthermore, increased amounts of oxidatively modified UCH-L1 were found in sporadic PD cases compared to normal brain (Castegna et al. 2002; Choi et al. 2004; Butterfield et al. 2006 ). This deregulation has been implicated in the pathogenesis of PD since oxidative modification and the subsequent decrease in UCH-L1 enzymatic activity may affect normal neuronal function and plasticity (Setsuie and Wada 2007) . Interestingly, increased expression of UCH-L1 has been found also in AD using MALDI MS (Sultana et al. 2007 ). Hence, the application of redox proteomics may be an invaluable tool to help ascertain the role played by oxidized UCH-L1 and other proteins in the pathogenesis of PD and possibly, AD.
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine is a potent mitochondrial toxin that causes dopaminergic degeneration and LB formation in nigral neurons. When mice were chronically treated with MPTP, compared to control animals, more than 300 mitochondrial-related proteins were identified, of which more than 100 displayed a differential expression pattern (Jin et al. 2005) . A category analysis revealed their involvement in signal transduction, the ubiquitin-protease system, oxidative stress and mitochondrial function, all of which has been implicated in the pathogenesis of PD (Dauer and Przedborski 2003; Fiskum et al. 2003; Rego and Oliveira 2003) . Of the more than 300 proteins detected, DJ-1 was validated by Western blotting.
As discussed before, genetic mutations have been identified in a small subset of cases, mainly in families with early onset familial PD. DJ-1 is one of the genes implicated in disease pathogenesis (Bonifati et al. 2003) . DJ-1 has also been identified as a possible marker in plasma for the progression of sporadic PD (Waragai et al. 2007 ). Gene-based animal models indicate that DJ-1-associated disease onset and progression may operate through the ubiquitin-proteasomal pathway, which is a molecular pathway common to all genetic variants of PD (Dauer and Przedborski 2003; von Bohlen und Halbach et al. 2004) .
In its mutant form, DJ-1 confers a reduced protective function against endoplasmic reticulum stress. Two recent reports Yokota et al. 2003) show that DJ-1 has a repressive effect on cellular toxicity induced by overexpression of Pael-R, a newly identified substrate for parkin that is localized within the core of LBs (Yokota et al. 2003) . Pael-R has also been assigned a distinct role in LB formation (Murakami et al. 2004 ).
DJ-1 seems to antagonize many of the deleterious effects of SNCA, including its aggregation (Shendelman et al. 2004; Zhou and Freed 2005; Zhou et al. 2006) . Therefore, although the exact physiological function of DJ-1 remains elusive, increasing evidence suggests that it may confer protection, for instance as an anti-oxidative protein. In this regard, DJ-1 has been identified as a hydroperoxide-responsive protein that increases its acidity following exposure to oxidative stress , thereby revealing the presence of oxidative stress (Kinumi et al. 2004; Taira et al. 2004) .
In addition to this role, many lines of evidence argue that DJ-1 modulates the function of SNCA and vice versa (Zhou et al. 2004; Jin et al. 2005) . Robust proteomics, consisting of stable isotope labeling by amino acids in cell culture (SILAC) was used on dopaminergic neurons exposed to the mitochondrial toxin rotenone (Jin et al. 2007 ). Compared to controls, 324 proteins were associated with SNCA and 306 with DJ-1. Although no direct interaction has been observed between DJ-1 and SNCA, 144 proteins mutually associated with DJ-1 and SNCA, displaying significant changes in terms of relative abundance. Further validation was performed on a subset of these, revealing that the docking proteins mortalin (mthsp70/ GRP75), nucleolin, grp94, calnexin and clathrin associate with both SNCA and DJ-1. The study confirmed the absence of a direct interaction between SNCA and DJ-1 and reported the identification of five novel proteins that associate with both SNCA and DJ-1. It is anticipated that future work will shed light on the functional interaction between these two critical proteins and the mechanism by which they participate in cellular functions and PD pathogenesis.
Mitochondria-enriched fractions obtained from the SN of mice chronically treated with MPTP have been subjected to ICAT and compared with controls (Jin et al. 2005) . The animals received a 5-week treatment regime together with an adjuvant, probenecid (prob) that caused selective nigrostriatal neurodegeneration and the formation of LB-like cytoplasmic inclusions in surviving nigral neurons. After identifying more than 300 proteins, of which [100 displayed changes in relative abundance between the MPTP/prob-treated mice and controls, the high throughput proteomic analysis was validated by Western blotting. This demonstrated that one of the identified proteins, DJ-1, colocalized with SNCA in dopaminergic neurons as well as in cytoplasmic inclusions in the mice that had been treated with MPTP/prob. By using this particular proteomics approach, the study successfully overcame a limitation usually imposed when using pooled samples that prevents the results from telling whether the DJ-1 increase results from a single mouse or from multiple mice. By conducting Western blot analyses in separate animals a DJ-1 increase was demonstrated in the majority of subjects. Jin et al. (2007) created a quantitative profile of mitochondrial proteins harvested from PD patients compared to normal age-matched controls. In addition, they used a cellular model of PD, consisting of rotenone-treated dopaminergic cells. In this study, a 'shotgun proteomic' approach was used called multidimensional protein identification technology (MudPIT), that entails the direct analysis of complex samples for rapidly producing a global profile of the protein complement (Link et al. 1999; Wu and MacCoss 2002) . To quantify the proteins, ICAT was combined with SILAC (Jin et al. 2007 ). Among the differentially expressed proteins was mortalin, a mitochondrial stress protein that was substantially decreased in both PD brain and the cellular PD model. The study further showed that several mortalin-binding proteins might participate in rotenone-mediated toxicity and that by overexpressing and/or silencing mortalin expression, PDrelated pathology was significantly affected. Together, the studies suggest that mortalin modulates PD development via pathways involving mitochondrial and proteasomal functions as well as oxidative stress (Jin et al. 2007) .
By integrating proteomics technologies (2-D gel electrophoresis and MALDI-TOF), Lee et al. (2003) gathered evidence that expression levels of calreticulin, a highcapacity calcium buffering protein located in MN9D dopaminergic cells may correlate with the degree of cell death following 6-OHDA treatment. This implies that calreticulin may either directly mediate 6-OHDA-induced cell death or, alternatively, it may participate in inducing a general cellular response prior to apoptosis.
Calreticulin further functions as a chaperone by binding to oligosaccharide moieties on proteins in addition to retaining proteins in the ER (Spiro et al. 1996) . Its other assigned roles have been controversial, such as promoting cell death when over-expressed (Arnaudeau et al. 2002; Nakamura et al. 2000) , as other studies suggest that it might be involved in preventing oxidative stress-induced cell death (Liu et al. 2001; Nunez et al. 2001) . Although the direct mechanisms through which calreticulin might induce dopaminergic neuronal death remain to be established, proteomics suggests that this protein may be a marker of oxidative stress (Lee et al. 2003) .
Parkin is another marker for oxidative stress and mitochondrial dysfunction in PD. Periquet et al. (2005) generated parkin knock-out mice and searched for possible changes in the brain proteome using 2-D-DIGE. The study indicated compensatory mechanisms that protect dopaminergic neurons from ROS-induced death. This phenomenon was ascribed to 87 proteins that differed in relative abundance compared to wild-type brains. A high proportion of the altered proteins related to energy metabolism, detoxification, stress-related chaperones and components of the ubiquitin-proteasome pathway. In a related study, parkin knock-out mice were analyzed by 2D-PAGE followed by MS (Palacino et al. 2004 ). This revealed a decreased abundance of a number of proteins involved in mitochondrial function or oxidative stress that could be confirmed functionally. The mice also showed decreased serum antioxidant capacity and increased protein and lipid peroxidation. Together, this identifies an essential role for parkin in the regulation of mitochondrial function. Interestingly, in the mice mitochondrial dysfunction and oxidative damage was found in the absence of nigral degeneration (Palacino et al. 2004 ). This is supported by studies in parkindeficient flies (Greene et al. 2003 ) and reminiscent of P301L tau mutant mice that model aspects of AD and also show mitochondrial dysfunction and oxidative damage, in the absence of overt cell loss (David et al. 2005a; David et al. 2006; Götz et al. 2008) .
Another protein found in an oxidatively modified state in PD brain tissue is superoxide dismutase 1 (SOD1) that was identified by MALDI-TOF MS in a cell-culture system in a screen for changes in mitochondrial protein expression (Wood-Allum et al. 2006) . In PD, not only is residue Cys-146 of SOD oxidized to cysteic acid, but SOD1 is also carbonylated (Choi et al. 2005) . The nature of these modifications are still unclear, and it is hoped that proteomics will provide an explanation for the accumulation and posttranslational modifications of SOD1 in the PD brain (Bandopadhyay et al. 2004 ).
a-Synuclein (SNCA) and its role in PD Alpha-synuclein (SNCA) is a presynaptic protein associated with PD pathogenesis. It appears in both a soluble and membrane-bound form , and comprises the central filamentous component of LBs. Under physiological conditions, it forms a protein complex in the cytosol. As interacting proteins in this complex, 250 candidate proteins have been identified by Zhou and coworkers (2004) . However, DJ-1 was not among them. It is important to note, that a 'negative' proteomic result does not necessarily entail that the protein of interest is completely absent within the protein complex (Corthals et al. 2000) , especially when immunohistochemistry has been applied. For example, Neumann et al. (2004) and Jin et al. (2007) convincingly demonstrated that DJ-1 is present within the halo part of LBs that is known to contain insoluble SNCA.
In an effort to identify proteins that are associated with SNCA and may contribute towards its aggregation, Zhou et al. (2004) exposed MES rat cells to rotenone. Duplicate 2-D gels were run with one gel probed with an anti-SNCA antibody, while the other was stained with Coomassie Blue. The stained gel sections that corresponded to SNCAimmunoreactive bands were cut, trypsin-digested and analyzed with LC-MS/MS spectrometry. The study identified more than 250 proteins associated with SNCA. Under conditions where rotenone was cytotoxic and induced the formation of SNCA-immunoreactive cytoplasmic inclusions, [51 proteins displayed significant differences in terms of relative abundance. This list included heat shock proteins (HSP) 70 and 90 which, when overexpressed in MES cells not only protected cells from rotenone-mediated cytotoxicity, but also decreased SNCA aggregation. From this, it can be concluded that the protection afforded by hsp70 transfection may relate to suppression by rotenoneinduced oxidative stress (Zhou et al. 2004 ). This putative protective role of hsp70 was further supported in subsequent in vivo studies carried out by Klucken et al. (2004) . Other neuronal proteins that may couple to SNCA in a similar fashion include parkin (Paciello et al. 2006 ) and the microtubule-associated protein tau (Jensen et al. 1999) , the principal component of the neurofibrillary tangles in AD .
A 'shotgun proteomic' experimental approach was applied to A30P SNCA transgenic Drosophila and agematched controls (Xun et al. 2007) . By conducting the analysis at seven different time-points across the organism's adult lifespan, disease-associated differences appeared to change substantially as the flies aged. Interestingly, the majority of the perturbed protein levels only existed over a narrow distribution of ages indicating the necessity to take multiple time-points for analysis.
Role of the cytoskeleton and small peptides in PD
Axonal transport and in particular the integrity of microtubules is essential for neuronal function. Not surprisingly, impaired axonal transport has been implicated in a range of neurodegenerative disorders . Among the proteins with a causal role in AD is tau, a microtubuleassociated protein, that similar to SNCA, is found in an unfolded state when in solution. Tau is mainly a neuronal protein. However, it has been found also, although at low levels, in astrocytes and oligodendrocytes Götz et al. 2001; Davidsson and Sjögren 2005 ). Tau's cardinal functions in neurons are to regulate the assembly and stabilization of microtubules that determine cellular morphology and serve as tracks for vesicles, axonal proteins and mitochondria (Shahani and Brandt 2002) . Under physiological conditions, tau is transported along axons at a rate compatible with a slow transportation mechanism (Mercken et al. 1995; Utton et al. 2002; Zhang et al. 2004) . Under pathologic conditions such as AD and frontotemporal dementia (FTD), tau aggregates and form filaments, which fill up the entire soma of a degenerating neuron. Here, a failure of axonal transport has been implicated as a possible mechanism underlying tau accumulation (Praprotnik et al. 1996; Flament-Durand and Couck 1979; Richard et al. 1989; Bendiske et al. 2002; Dai et al. 2002; Götz et al. 2006) .
There is increasing evidence for an overlap between PD and AD, not only in clinical terms (Kurosinski et al. 2002) , but also biochemically and histopathologically (Hoerndli et al. 2005) . For example, LBs are not only present in PD brain, but also abundant in Dementia with Lewy bodies (DLB) and in the LB variant of AD (Hansen et al. 1990 ). Specifically, LBs have been detected in the amygdala of more than half of all familial AD cases, and some LBs colocalized with tau-positive neurofibrillary tangles (NFTs) (Lippa et al. 1998) . Biochemically, many of the functional categories which are deregulated in PD are also deregulated in AD (Hoerndli et al. 2005) .
Another cytoskeletal protein with a role in neurodegeneration is b-actin, found abundantly within neurons, astrocytes, and blood vessels in the CNS, and concentrated particularly along the periphery of the neuronal perikaryon (De Iuliis et al. 2005) . This preferred location places it in an ideal position to integrate incoming signals and produce the mechanical tension necessary for shaping the perikaryal surface (Pannese et al. 1996) . A recent study found that specific protein carbonyl levels in b-actin are significantly higher in postmortem human AD brain samples than in controls (Aksenov et al. 2001) . Also, when a 'hemiparkinson' rat model of PD was obtained by unilaterally injecting the neurotoxin 6-OHDA, De Iuliis et al. (2005) found increased levels of b-actin in the ipsilateral striatum, compared to the contralateral side (Lee et al. 2003) . Previous studies described b-actin to be in an oxidized state in AD again suggesting common patho-mechanisms for the two diseases.
Much of the signaling in brain is mediated by small peptides. The study of endogenous peptides, termed peptidomics; however, is complicated by the presence of protein fragments produced post-mortem during conventional sample handling. This can be partially prevented by rapidly heat-denaturing brain tissue before analysis (Svensson et al. 2007 ). This approach has been applied to the MPTP model for PD, by which a polypeptide termed PEP-19 (Peptide 19) was found to be significantly decreased in the striatum of treated animals compared to controls (Svensson et al. 2007 ). PEP 19 is a 7.6-kDa polypeptide that binds calmodulin and prevents calciumcalmodulin-dependent signaling (Ichikawa and Sugimoto 2005) . As a neuron-specific calmodulin-binding polypeptide, it is believed to play a pivotal role within the second messenger system that allows for the transduction of signals within cells. Elevated levels have been found in selective neuronal populations, such as the granule cells of the hippocampus and the Purkinje cells of the cerebellum, implying resistance towards degeneration (Johanson et al. 2000) . In contrast, Skold et al. (2006) recently demonstrated by in situ hybridization analysis, that PEP-19 mRNA levels are significantly decreased in the striatum, following MPTP administration in mice. Disease-specific differences have been found in an earlier study (Utal et al. 1998 ) that reported that although PEP-19 immunoreactivity appeared to be significantly reduced in AD and Huntington's disease brain, no apparent alterations were detected in PD brain. Thus, the exact nature of PEP-19 in PD remains controversial.
From post mortem tissue to body fluids as source of proteins Proteome searches are frequently conducted within postmortem brain tissue of a diseased state. This approach entails its own set of difficulties, including the potential confounds caused by additional age-related diseases that the usually aged patient may have suffered from, the time between death and autopsy that could have resulted in protein changes unrelated to the disease, how rapidly death ensued, the time of death and the duration of the coma that preceded death. In addition, the pharmacological treatment, that is, the medication, may result in deranged protein levels, that may be mistaken for being disease-related. It is essential to consider the homogeneity of all these parameters in both the control and the patient group (Riederer and Wuketich 1976) . However, in spite of these difficulties several groups have proteomically probed brain tissue for parameters that may assist in predicting or diagnosing the disease, monitor its progression, or be used to follow-up therapy outcomes (Hoerndli et al. 2005) .
In addition to post mortem tissue, body fluids such as cerebrospinal fluid (CSF), serum, blood or urine are increasingly collected from either animal models or humans and subjected to proteomics analysis. Obviously, animal models do not reproduce all aspects of disease, especially as far as the clinical features and the spatiotemporal distribution of brain lesions is concerned, but at a single cell level and biochemically, they have proven to be a very powerful tool .
Although there is currently no blood test available with which to confirm the diagnosis or monitor PD, the accessibility of serum, as a component of blood, that is more readily available than any other body-fluid, offers potential exploitation using proteomics technology. Sophisticated techniques, including MS are used to identify rare proteins in blood serum and CSF to identify biomarkers that represent unique proteomes. At present, 34 blood serum protein biomarkers are used for diagnosing neurodegenerative diseases .
In particular, CSF has been used as a medium from which to launch a proteome-based search strategy for detecting disease biomarkers, since the CSF reflects the state of proteins present in the brain under healthy and diseased conditions (Hühmer et al. 2006) . As a complex mixture, consisting of proteins, peptides, proteolytic fragments, and antibodies, CSF provides an excellent repository of pathologic information concerning the CNS (Romeo et al. 2005) .
In one study, quantitative proteomics has been applied successfully to CSF samples from patients with PD at different stages as well as with AD and compared to normal controls (Pan et al. 2008) . The frequently encountered problem was addressed that while biomarkers are generally validated by enzyme-linked immunosorbent assays (ELISAs), often there are no specific antibodies available to set up these assays. Hence Pan et al. (2008) used a quantitative LC-MALDI TOF/TOF approach by spiking CSF samples with isotope-labeled peptides derived from a total of 14 proteins that had been previously identified as being deregulated in disease. Importantly, they were able to identify and quantify the peptides in CSF without prior depletion of abundant proteins (Pan et al. 2008) . It should be mentioned that for quantitative proteomics of body fluids, label-free profiling has been successfully used by applying a microfluidics-based chip-LC-MS system, a method that has gained increased attraction for reasons of cost (Horvatovich et al. 2007 ). Sophisticated softwares have been developed to assist in the quantification of labelfree profiling, including the open software tool, SuperHirn (Mueller et al. 2007) .
Several strategies exist for characterizing lipid-metabolizing proteins in human CSF. These proteins are potentially therapeutic targets due to their ability to transport lipids required for neural growth or to convert these into molecules that control brain physiology . By combining lipid analysis with proteomics, the existing knowledge of disease pathology may be enhanced and the likelihood increased for discovering distinct markers and biochemical mechanisms of disease. In an effort to profile tau in CSF as a reflection of the degree of neuronal degeneration and damage sustained, Blennow et al. (1995) combined a pre-fractionation step consisting of liquid phase isoelectric focusing (LP-IEF) with immunoblotting. This revealed that both phosphorylated and unphosphorylated forms of tau are present in CSF and that tau appeared both in truncated and full-length versions. For a comprehensive review of the posttranslational modifications of tau, the reader is referred to Chen et al. (2004) .
Quantitative 2-D gel electrophoresis has been used to analyze serum proteins derived from 422 patients suffering from different neurodegenerative diseases and compared with normal controls, in an effort to identify potential biomarkers . Differential protein spots were found for a total of 34 serum proteins between amyotrophic lateral sclerosis (ALS), PD and related disorders, with nine relating to the complement system. Components of complement C3, including C3c and C3dg as well as complement factor H showed a marked increase in both disease-types compared to controls. In addition, the results indicated elevated levels for full-length factor B for PD, but not the control group. This reported elevation of factors H and B contradicts recent work proclaiming that they are significantly reduced in PD CSF (Finehout et al. 2005) . In this study, it is possible that elevations of fragment Bb arose from elevated levels of factor H, which has been found to induce dissociation of C3 convertase (C3bBb(Mg 2+ )) (Hourcade et al. 2002) , thereby liberating factor Bb and interrupting the alternative pathway of the complement cascade . The study generated a list of potentially useful biomarkers for further exploitation in future studies. In addition, the identified proteins provide evidence for an involvement of neuroinflammatory processes in the pathogenesis of ALS and PD. The study indicates further that a comparison of the expression level of individual protein isoforms in conjunction with a measurement of the total protein expression level may be useful for investigating a protein as a possible biomarker.
The results on the complement cascade add strength to existing evidence suggesting that inflammatory processes involving complement activation may play a definitive role in the onset of PD. It also complements work that provides evidence for neuronal injury resulting from activated microglial release of free radicals in PD (He et al. 2002) . This finding provides a potential avenue for developing treatment targets and for monitoring their clinical application. It further shows that two different neurodegenerative diseases can differentially express members of the complement system. In another study performed by Sjögren et al. (2001) it was found that the CSF concentrations of tau and phosphotau are increased in around two-thirds of probable AD cases while revealing normal levels in PD and in controls. The insight gained from such studies may potentially provide valuable information regarding their respective pathological mechanisms and identify markers that are shared between diseases and others which are disease-specific. In these endeavors, it is worth mentioning that the analysis of post-translational modifications remains a technological challenge, but various generic strategies have recently emerged to aid this strategy (Reinders et al. 2004; Fountoulakis and Kossida 2006) .
Conclusions and future directions
It is evident that our present knowledge of PD pathogenesis and potential treatment strategies is inadequate. A growing body of evidence indicates that the accumulation of altered proteins and impaired protein clearance may be a common pathomechanism in both familial and sporadic PD. To fully understand the role played by abnormal protein aggregates in PD, it is imperative that additional proteins with a role in disease are identified and that their disease-related roles are defined. Recent advances in proteomics indicate that this technology may equip us with methodologies with which to study PD in a systematic manner that has not been possible to this extent in the past, by offering the opportunity to explore the proteome at all levels, ranging from fundamental neuroscience to clinical trials. However, to utilize neuroproteomics to its full potential, it is imperative that standard operating protocols are developed that allow these techniques to be applied reproducibly in a clinical setting.
The systems-based approach offered by proteomics not only allows for identifying multiple key proteins and signaling cascades, but also shows how these proteins interact with each other. It is anticipated that such data may eventually improve our understanding of the disease at a biochemical level and help identify novel biomarkers to assist in making an early, presymptomatic diagnosis of PD. In addition, it is hoped that the application of this technology will lead to the identification of new targets for more effective therapeutic intervention. The clinico-pathological profiles of AD and PD seem to overlap, or at least synergise to a certain extent (Kurosinski et al. 2002) . Information is increasingly emerging to support such a postulation and therefore, the possibility is increasingly upheld that drugs that target the blocking of SNCA or tau may therapeutically benefit a much broader spectrum of neurodegenerative disorders.
Since PD likely has a multifactorial etiology, proteomics provides the possibility for characterizing inter-patient variance. The lessons learned from this may eventually assist in developing personalized therapies, resting on the basis of individual patterns of protein expression (Jain 2004) . With this in mind, the future development of protein markers with which to identify not only the motor-related, but also the non-motor manifestations of Parkinson's disease, including cognitive dysfunction, autonomic dysfunction and speech disturbance, will contribute greatly towards a more global perspective of the disease.
The greatest challenge facing the optimal utilization of this technology lies in detecting and quantifying lowabundant and hydrophobic proteins. In addition, the accurate detection of post-translational modifications, their origin and the role they play in PD should also be made a priority. However, it is anticipated that protein chips and miniature separation systems will play a significant role in overcoming these limitations.
